In most social ungulate species, males are larger than females and the sexes live in separate groups outside the breeding season. It is important for our understanding of the evolution of sociality to find out why sexual segregation is so widespread not only in ungulates but also in other mammals. Sexual body size dimorphism was proposed as a central factor in the evolution of sexual segregation in ungulates. We tested three hypotheses put forward to explain sexual segregation : the predation-risk, the forage-selection, and the activity budget hypothesis. We included in our analyses ungulate species ranging from non-dimorphic to extremely dimorphic in body size. We observed oryx, zebra, bighorn sheep and ibex in the field and relied on literature data for 31 additional species. The predation-risk hypothesis predicts that females will use relatively predator-safe habitats, while males are predicted to use habitats with higher predation risk but better food quality. Out of 24 studies on different species of ungulates, females and their offspring chose poorer quality but safer habitat in only eight cases. The forage-selection hypothesis predicts that females would select habitat based on food quality, while males should prefer high forage biomass. In fact, females selected higher quality food in only six out of 18 studies where males and females segregated, in eight studies there was no difference in forage quality and in four studies males were in better quality habitat. The activity budget hypothesis predicts that with increasing dimorphism in body size males and females will increasingly differ in the time spent in different activities. Differences in activity budgets would make it difficult for males and females to stay in mixed-sex groups due to increased costs of synchrony to maintain group cohesion. The predictions of the activity budget hypothesis were confirmed in most cases (22 out of 23 studies). The heavier males were compared to females, the more time females spent foraging compared to males. The bigger the dimorphism in body mass, the more males spent time walking compared to females. Lactating females spent more time foraging than did non-lactating females or males. Whether species were mainly bulk or intermediate feeders did not affect sexual differences in time spent foraging. We conclude that sexual differences in activity budgets are most likely driving sexual segregation and that sexual differences in predation risk or forage selection are additive factors.
I. INTRODUCTION
Sexual segregation is widespread among social mammals. In most ungulate species, males and females live in separate groups (social segregation) outside the breeding season. In addition, the sexes sometimes prefer different habitat types, leading to segregation by habitat (Clutton-Brock, Guinness & Albon, 1982) . To understand the evolution of sociality we need to investigate what factors cause this segregation by sex.
Of the many hypotheses proposed to explain sexual segregation (Main & Coblentz, 1990 ; Main, Weckerly & Bleich, 1996 ; Miquelle, Peek & Van Ballenberghe, 1992 ; Ruckstuhl & Neuhaus, 2000) , three have emerged as most promising : the reproductive strategy hypothesis (predation-risk hypothesis), the sexual dimorphism-body-size hypothesis (forage-selection hypothesis), and the body-size predation hypothesis (activity budget hypothesis). We will be using the Ruckstuhl & Neuhaus (2000) denominations given in parentheses above to refer to the different hypotheses below as they relate directly to the cause hypothesised to drive sexual segregation. While the predation-risk and the forage-selection hypothesis have tried to explain segregation through sex differences in habitat choice, the activity budget hypothesis attempts to explain social segregation in general. It has been assumed that social segregation is mainly driven by habitat segregation, however, Conradt (1999) clearly showed that social segregation in red deer (Cervus elaphus) and Soay sheep (Ovis aries) is independent of habitat segregation and is therefore not a by-product of habitat segregation but a separate phenomenon. We thus treat social and habitat segregation as different types of sexual segregation. The main assumptions and key pre-dictions of each hypothesis are listed in Table 1 [see Main & Coblentz (1990) ; Main et al. (1996) ; Miquelle et al. (1992) ; Ruckstuhl & Neuhaus (2000) for detailed reviews of hypotheses]. All these hypotheses were formulated for sexually dimorphic species where males are bigger than females.
To understand the origin of sexual segregation (both social and habitat segregation) and to detect the factors affecting it, it is of a paramount importance to test the different hypotheses and to perform comparative analyses on a range of ungulate species differing in sexual body size dimorphisms. While this procedure could be a key to solve the enigma of sexual segregation, different factors proposed to affect sexual segregation have never been tested in a comparative analysis of species with varying degrees of sexual size dimorphism.
The predation-risk, forage-selection and activity budget hypotheses have so far been studied only on a single ungulate species at a time (Bleich, Bowyer & Wehausen, 1997 ; Gross, 1998 ; Main, 1998 ; Main et al., 1996) . However, Main (1998) rightly pointed out that seeking species-specific explanations for sexual segregation is unlikely to further our understanding of sexual segregation in general. Different studies to test the same hypothesis often lead to contrary results, as for example for the forageselection hypothesis. Some studies found that males were feeding on the same quality or even better quality forage than females, while others found that females were using higher quality forage as predicted (Bleich et al., 1997 ; Bowyer, 1984 ; Main & Coblentz, 1996 ; Cransac et al., 1998 ; Cransac & Hewison, 1997 ; du Toit, 1995 ; Frid, 1999 ; Koga & Ono, 1994 ; Ruckstuhl, 1998) . Although the predationrisk hypothesis (originally coined by Main & Coblentz, 1996) has been supported by a number of Table 1 . Summary of assumptions and key predictions of three hypotheses advanced to explain sexual segregation in ungulates
Hypothesis
Main assumptions Key predictions References Predation-risk (1) Females and especially offspring are more vulnerable to predation than the larger males
(1) Females with offspring will choose predator-safe habitats of often inferior* food quality or quantity Bowyer (1984) ; Jakimchuk et al. (1987) ; Main & Coblentz (1990 , 1996 Main et al. (1996) (2) Males need food of high quality to be fit competitors during the breeding season
(2) Males will choose habitat with abundant and high quality food
Forage-selection (1) Smaller females are less efficient at forage digestion than the larger males, due to a small stomach size, and quicker passage rate of food, hence food quality is more important to females than food quantity.
(1) Smaller females will use high quality* food habitats Beier (1987) ; Bowyer (1984) ; Demment (1982) ; McCullough (1979) ; Short (1963) (2) Males are good at digesting even low quality food and hence food quantity is more important for males than food quality
(2) Males will use lower quality but higher biomass habitat than females Activity budget (1) Females are less efficient at digesting forage than males (1) Females will compensate their lower digestive efficiency by foraging for longer than males, while males will spend more time ruminating or lying than females to digest forage Conradt (1998) ; Ruckstuhl (1998 Ruckstuhl ( , 1999 ; Short (1963) (2) Big differences in activity budgets make synchrony of behaviour difficult and potentially costly
(2) Animals with similar activity budgets will form groups * Note that the forage-selection hypothesis predicts the opposite outcome to the predation-risk hypothesis, regarding sexual differences in forage selection. While the predation-risk and forage-selection hypotheses predict habitat segregation, the activity budget hypothesis predicts social segregation.
studies, it also has shortcomings : many ungulate species do not use cover or steep terrain to escape predation, but rather form large groups as an antipredator strategy, benefiting from group detection and dilution effects (Dehn, 1990) . The formation of large groups, however, is not predicted by the predation-risk hypothesis, maybe because large groups would not necessarily lead to segregation.
The activity budget hypothesis proposes that sexually size-dimorphic males and females segregate into different groups due to incompatibilities of activity budgets and movement rates, independent of possible sexual differences in forage selection (Conradt, 1998 ; Ruckstuhl, 1998 Ruckstuhl, , 1999 . Dimorphic males and females could well use the same areas (and not segregate by habitat) and select the same plants but they will not forage together due to different activity budgets. According to this hypothesis males and females would then be socially and temporally segregated even when using the same general area. The activity budget hypothesis would fail to explain sexual segregation if males and females showed the same activity patterns but lived segregated or if they differed greatly in their activity budgets but stayed in mixed-sex groups.
Sexual segregation can happen on a seasonal or a year-round basis. While the activity budget hypothesis predicts year-round sexual segregation, the predation-risk and forage-selection hypothesis would only predict seasonal segregation, when the offspring is small and vulnerable or when food quality is diverse. The forage-selection hypothesis, for example, is unlikely to explain sexual segregation in winter in temperate ungulates, or during the dry season in the tropics, when forage quality is similar everywhere.
The aim of the present study is to compare the predictions of the three hypotheses using a wide range of ungulate species, mostly ruminants, varying in sexual size dimorphism.
(1) Predictions for the predation-risk hypothesis
The predation-risk hypothesis predicts that males and females should segregate whether they are sexually dimorphic or not, because juveniles are smaller than adults, inexperienced and therefore more vulnerable to predation (see assumptions of the predation-risk hypothesis in Table 1 ). In nondimorphic species, females with dependent offspring are thus expected to use areas with lower predation risk compared to those used by males and nonreproducing females. Non-dimorphic females without young are expected to form mixed-sex groups with adult males.
(2) Predictions for the forage-selection hypothesis
The forage-selection hypothesis was tested comparing data on food selection in various species. If sexual segregation was present in species where males and females were reported to select similar food items, or males to feed on higher quality food, the forage-selection hypothesis was rejected as an explanation for sexual segregation in that particular study. In non-dimorphic species, however, males and females should select the same quality food except for lactating females. Males and lactating females should therefore segregate and select different quality food at least during early lactation when energy demands for females are at a maximum (Robbins, 1993) . It follows that non-lactating females and males of similar-body-sized species should be found in mixed-sex groups.
(3) Predictions for the activity budget hypothesis
We predicted that increasing body size dimorphism would lead to increasing sexual differences in activity budgets in both non-ruminant and ruminant species. We also predicted that males and females of nondimorphic social species should be found in mixedsex groups year round. It may be argued that males and lactating females only segregate during lactation, when lactating females have a much higher energy requirement than non-lactating females (Robbins, 1993) . However, if body-size differences are the driving factor causing sexual segregation non-lactating females and males should also segregate. We therefore predicted that lactating females would spend more time foraging than non-lactating females. This prediction is based on the assumption that lactating females will compensate their higher energy demands by increasing forage intake. Bunnell & Gillingham (1985) argued that the time an ungulate spends grazing versus ruminating and digesting per day is affected by the type of forage it consumes : high-quality forage (high in protein, low in fibre) such as leaves or forbs needs less time for rumination and digestion compared to low-quality food such as grass (low in protein, high in fibre). As males of sexually dimorphic ruminant species are better at digesting low-quality food than females, due to their larger rumen size (Van Soest, 1994 , 1996 , females that forage on highly digestible food could compensate their lower digestive efficiency by spending more time foraging. Following this argument we predicted that observed sexual differences in time spent feeding would be greater for intermediate feeders that opportunistically feed on highly digestible forage than for bulk feeding species that predominantly forage on grass [see Hofmann (1989) for a definition of the different feeding types of ruminants].
(4) The special case of hindgut fermenters
All hypotheses on sexual segregation were formulated for and tested on ruminants because ruminants are more restricted in time allocation to different activities by the constraints of rumination (Demment & Van Soest, 1985 ; Van Wieren, 1991) . The causes of sexual segregation in hindgut fermenters have been largely ignored. We filled this gap by testing the different predictions for non-ruminants, in particular hindgut fermenters. We expected hindgut fermenters, such as the plains zebra (Equus burchelli), to show smaller sexual differences in activity budgets because digestive capabilities should be similar for males and females, as they do not ruminate. Hindgut fermenters have a higher total intake of forage per unit body mass than ruminants (Duncan et al., 1990) and accordingly spend more time grazing per day. The predictions of the predation-risk hypothesis should be the same as for ruminants because offspring are more vulnerable to predation than adults. According to the forage-selection hypothesis females should select higher quality forage than males in hindgut fermenters due to the increased energy demands of lactation.
For our comparative analyses we relied on literature data on forage selection, predation risk and activity budgets, and observed four key species (plains zebra, oryx Oryx gazella, Rocky Mountain bighorn sheep Ovis canadensis and Alpine ibex Capra ibex) (see Table 2 for a list of the species included).
II. METHODS

(1) Sampling and statistics
We chose to study zebra and oryx because they are sexually non-dimorphic species, while bighorn sheep males are approximately 50 % heavier than females (Ruckstuhl & Festa-Bianchet, 2001 ) and ibex males are more than twice the mass of females (Loison et al., 1999) . We set the threshold for non-dimorphic species at a sexual difference in body size of 20 % for ruminants, based on physiological differences in digestion efficiency between species (Van Soest, 1994) . Although, there has been some debate on whether a 20 % difference in body mass between males and females of the same species would actually lead to significant differences in time spent in different activities (e.g. grazing or walking) (Hudson & White, 1985) , we assumed that it did affect activity budgets.
Bighorn sheep were observed in the Sheep River Wildlife Sanctuary, Alberta Canada from 1994-1997 by the first author (Ruckstuhl, 1998) . The ibex were studied in the Belledonne-Sept-Laux Reserve, France in June and July 1999, and the oryx and zebra in the Etosha National Park, Namibia, from November 1999 to March 2000. Observations on activity budgets were made using focal animal sampling (Altmann, 1974) on marked (ibex and bighorns) or individually recognisable individuals. All zebra and some oryx were permanently recognisable through coat patterns, scars or shape of horns in oryx, while some oryx were only recognisable for the duration of the observation. Time spent foraging (feeding), walking, standing, or lying was collected by noting transition times from one behaviour to another for individually recognisable focal animals as described by Ruckstuhl (1998) . For groups, where not all individuals were recognisable, we used 5 min scan samplings (Altmann, 1974) to evaluate the time spent in different activities for the different age, sex and reproductive classes. Although focal animal sampling and 5 min scan sampling are different techniques they both lead to a good estimate of the proportion of time spent in different activities (Altmann, 1974) .
We collected our data during or close to parturition and lactation for ibex and bighorns. Zebra and oryx in the Etosha National Park breed all year round, but most of the offspring in plains zebra seem to be born at the start of or during the rainy season (Estes, 1991) . We therefore chose this period for our observations. The literature data often did not refer to the season in which observations were made and did not provide information on the reproductive status of the females. We therefore included all data for general tests of sexual differences in behaviour (simple regressions between sexual differences in body mass and sexual differences in time spent grazing or walking) and then did separate analyses Table 2 
. Female and male body masses of various species of ruminants and hindgut fermenters
Mass difference in % l percentage difference of male body mass compared to female body mass (see Methods). Mass source l literature source from which body mass was taken. Sexual segregation : 0 l no segregation, 0n5 l mixed-groups, temporarily segregated or territorial individuals, 1 l males and females are segregated outside the breeding season. Dimorphism : 1 l species with a sexual body mass dimorphism of more than 20 %, 0 l species with less than 20 % sexual dimorphism. Also listed are the tribe names for all ruminants and family names for the hindgut fermenters. with respect to reproductive status of known females using General Linear Models (GLMs). As zebras and oryx both live in mixed-sex groups, habitat choice and predation risk are always the same for both sexes within a group, but may differ between groups. Indeed, we found both zebra and oryx in various types of habitat such as on open plains, the Etosha salt pan, and in bushy as well as in forested areas. We searched all types of habitats equally. For each group we noted the habitat type our study animals were using (open, bushy or forested). Lions (Panthera leo), the main predator of zebra and oryx, use both bushy and open habitats (Estes, 1991) . For literature data analyses we considered steep cliffs, inaccessible areas or bush for concealment of young as relatively predator-safe areas compared to flat open ground or hills. For all studies on species where data on predation risk were lacking we looked for studies on the same species where habitat use was mentioned and we could infer sexual differences in safety from predation. Studies, where no such data could be found were excluded from the analysis on predation risk.
Species
Forage selection was assessed by analysing the quality (faecal crude protein content) of forage consumed by bighorn sheep (Ruckstuhl, 1998) , and by noting the preference for bushes versus grasses and herbs for ibex (P. Neuhaus & K. E. Ruckstuhl, in preparation), oryx and zebra. As zebra and oryx lived in mixed-sex groups we did not analyse sexual differences in diet selection as they used the same area at the same time -any difference in diet selection would obviously not have led to sexual segregation. We compared the literature data qualitatively, as we did not have the same measurements and methods to assess sexual differences in forage selection for all studies. If females of sexually dimorphic species ( 20 % difference in body mass) were reported to consume higher quality forage or select higher quality habitat than males, then the forage-selection hypothesis was judged as supported by that particular study. Studies with no information on forage selection or quality were excluded from the analysis on sexual differences in forage selection.
Data on body mass were collected from the literature ( Table 2) . Taking the females body mass as 100 %, we calculated sexual dimorphism as follows :
where SDBM l sexual difference in body mass, MW l male mass, and FW l female mass. The per Table 3 . Studies providing data on sexual differences in forage selection, predation risk or activity budgets pr l predation risk, m l f there is no difference in predation risk, m f l males are in riskier habitat than females, m f l females are in riskier habitat than males, means that both outcomes have been observed. PRH l support for the predation-risk hypothesis. Food quality : m f l food in male habitat is better than in female habitat, l same quality, m f l females are in better quality habitat. FSH l whether yes or no the forageselection hypothesis was supported by the study. Graze (%) l the sexual difference in % time spent grazing (see Methods), ABH l whether or not the activity budget hypothesis was supported. Tribe or family Sexual dimorphism in body mass (%) Fig. 1 . The distribution of sexual size dimorphism over the different tribes or families and the number (N ) of species studied within each. Tribes of families 1 l Aepycerotini, 2 l Alcelaphini, 3 l Alcini, 4 l Antilocaprini, 5 l Antilopini, 6 l Bovini, 7 l Camelidae, 8 l Capreolini, 9 l Caprini, 10 l Cervini, 11 l Equidae, 12 l Giraffini, 13 l Hippotragini, 14 l Neotragini, 15 l Odocoilini, 16 l Ovibovini, 17 l Probiscini, 18 l Rangiferini, 19 l Reduncini, 20 l Rhinocerotini, 21 l Rupicaprini, 22 l Suidae, 23 l Tragelaphini. The single circle represents the extreme sexual dimorphism found in Alpine ibex, which was also included in the analysis. Box plots represent minima, maxima, median (bold horizontal lines) and interquartile ranges (boxes). cent males and females differed in time spent feeding or walking was calculated as :
where SDAB l sexual difference in activity budgets, MA l % time male was active (feeding or walking), and FA l % time female was active. Per cent data were arcsine-square-root transformed to meet assumptions of normality (Sokal & Rohlf, 1995) . The effects of body size differences on time spent foraging or walking were tested using simple regressions. Effects of feeding styles (bulk, intermediate feeders and browsers) and digestion type (ruminant versus hindgut fermenters) on time spent feeding were analysed using GLMs. We also tested how sexual dimorphisms in body mass and differences in time spent foraging potentially affected sexual segregation by using ordinal logistic regressions (segregation values were either 0 for no segregation, 0n5 for cases where there are mixed-sex as well as segregated groups, and 1 for strictly sexually segregated groups ; Table 2 ).
To evaluate the validity of the predation-risk, the forage-selection and the activity budget hypothesis we used binomial tests (for each of the three hypotheses separately). The binomial test tells us if the results go significantly in the direction of the prediction of a hypothesis, significantly contrary to the prediction or whether there is no discernible trend in any direction. Thus, if the outcome was ambiguous and the predictions were equally supported and not supported, the hypothesis was rejected as an explanation for sexual segregation. The hypothesis was also rejected when the data were consistently contrary to the predictions. To decide whether predictions were supported or not supported, we determined for each study whether or not the results met the predictions of a particular hypothesis (Table 3) .
(2) Phylogenetic correction
Several authors recommend phylogenetic corrections when performing comparative analyses, because some species share the same phylogenetic history and traits may therefore be correlated (Felsenstein, 1985 ; Harvey & Mace, 1982 ; Harvey & Pagel, 1998 ; Harvey, Read & Nee, 1995 ; Pagel, 1992) . However, other scientists have debated the usefulness of phylogenetic corrections (Rees, 1995 ; Westoby, Leishman & Lord, 1995 a, b) . No complete phylogeny exists for our data set, or for the order Artiodactyla. Furthermore, recent arguments (Harvey & Rambaut, 2000) have questioned the validity of the independent contrast method for phylogenetic corrections, proposed by Felsenstein (1985) .
To account for phylogeny, we separated the different species into the following families : Bovidae, Cervidae, Giraffidae, Camelidae, Suidae, Rhinocerotidae, and Equidae. Most available data were on Bovidae (N l 19 species) and Cervidae (N l 6 species). However, there was no difference in mean sexual dimorphism between these two families (F l 0n061, P l 0n94) [Bovidae meanpstandard error of sexual size dimorphism l 41n46p5n99 % (95 % confidence interval (CI) l 28n85k54n06 %), Cervidae mean dimorphism l 42n11p4n99 % (CI l 29n28k54n94 %]. We further separated the different Artiodactyla species into different tribes (Loison et al., 1999) , and the hindgut fermenters into families (as there are no tribe names for Perrisodactyla). In Fig. 1 , we plotted the different tribes or families against sexual body mass differences. Although there is great variation within tribes, it does not exceed overall variation. On the other hand there is no single tribe with uniform body size dimorphism. We are thus confident that the species and tribes values represent independent data points (Harvey et al., 1995) . We further categorised social ruminant species as bulk feeders (grazers), browsers or intermediate feeders (Hofmann, 1989) . Average sexual mass dimorphism did not differ between ungulates of the three feeding types (F l 0n33, P l 0n72) (grazers dimorphism l 38p5n56 %, CI l 26n81k50n68 %, N l 15 species ; intermediate feeders dimorphism l 46n15p10n56, CI l 21n17-71n12 %, N l 8 species ; browsers dimorphism l 46n66p1n67 %, CI l 39n49-53n83 %, N l 3). We thus concluded that sexual differences in body mass or feeding type were not correlated with phylogeny [see also Loison et al. (1999) on feeding types] and a phylogenetic correction unnecessary (Abouheif, 1999).
III. RESULTS
(1) Validity of the predation-risk hypothesis
Lactating female ibex of our study population were in escape terrain in 100 % of all observations (in June and July 1999), while bachelor groups mainly used grassy slopes (75 % of observations) and spent less time in escape terrain (25 % of observations). Bighorn sheep females either made more use of escape terrain by spending time in the alpine zone (Festa-Bianchet, 1988) or had much higher move-ment rates than males when sharing the habitat with males (Ruckstuhl, 1998) . Overall, females were reported to use safer habitat of inferior quality consistently in only eight out of 20 studies on ruminants (Table 3) .
Sexual segregation was not as common in nondimorphic species as in dimorphic ones : in 35 studies with data on predation risk, forage selection and activity budgets, sexual segregation was absent in non-dimorphic species and omnipresent in dimorphic species (Table 2) . All 13 non-dimorphic ungulates lived in mixed-sex groups or as territorial male-female pairs and hence did not segregate. Oryx stayed in mixed-sex groups, even when females were accompanied by dependent offspring (77 mixed-sex groups out of 77 observed groups). Approximately 15 % of plains zebras live in stallion groups and the rest in family groups of one male and several females and their offspring (Lefebre-Smuts, 1974) . Although females in some dimorphic species do appear to seek safer habitat than males, the predation-risk hypothesis was not supported as a general explanation of sexual segregation because segregation was confined to dimorphic species, and because only eight studies confirmed the predictions, while 12 studies did not (binomial test : P l 0n503, Table 3 ). Out of these 12 studies six were on dimorphic species.
(2) Validity of the forage-selection hypothesis
Among our own study animals there was no sexual difference in the quality (crude protein content) of food selected by bighorn sheep (Ruckstuhl, 1998), despite their large sexual dimorphism, while lactating female ibex fed more on grasses than on bushes compared to males or non-lactating females (P. Neuhaus & K. E. Ruckstuhl, in preparation), even when using the same habitat. A study on red deer found that females used higher quality forage at one point during the season, whereas males were using better quality forage during another period (Table 3) . Sexual segregation was not always associated with sex differences in habitat type or diet : out of 18 studies on different segregating ruminant species, six indeed found females consuming higher quality forage than males, while eight found no sexual difference in forage selection and four found that males consumed higher quality forage than females (Table 3 ). An additional seven studies on non-dimorphic species, including ruminants and hindgut fermenters, showed no difference in forage selection (Tables 2 and 3) . Oryx and zebra of all reproductive and sex classes formed mixed-sex groups throughout the observation period. They thus had the same quality food available. Overall, we found six studies where females were using habitat with higher quality forage, while 18 other studies found no sexual difference in habitat quality or males in higher quality habitats than females (binomial test : n " l 6, n # l 18, P l 0n023) ( Table 3 ). The binomial test is significant in the direction opposite to that expected. The forage-selection hypothesis was therefore rejected as a general explanation of sexual segregation.
(3) Validity of the activity budget hypothesis
We found a significant difference in time spent grazing between the sexes in ibex (GLM : F l 78n84, P 0n001) and bighorn sheep (GLM : F l 16n25, P 0n001). Ibex females with young (N l 40) spent 30n80p1n85 % per day grazing, non-lactating females (N l 5) 19n30p2n30 %, and males (N l 50) 8n41p1n09 %. Female bighorn sheep with young (N l 87) spent 53n91p1n26 % of their daytime grazing, females without young (N l 33) grazed 42n60p2n44 %, and males (N l 102) 39n54p 0n76 %. We did not find a significant difference in time spent grazing in female and male oryx (GLM : F l 0n05, P l 0n95) or zebra (GLM : F l 0n47, P l 0n70). Oryx females with young (N l 12) spent 17n73p2n92 %, non-lactating females (N l 23) 16n65p2n84 %, and males (N l 21) 17n74p2n55 % of their daytime grazing, while in zebras it was 63n25p4n91 % for lactating females (N l 14) , 54n32p6n86 % for non-lactating females (N l 10) and 63n49p4n40 % for males N l 12).
Overall, there was a positive and significant correlation between sexual dimorphism and sexual differences in time spent grazing (r# l 0n70, P 0n0001, N l 19, Fig. 2 ) in social ruminants. As the difference in body mass between males and females increased, females spent more time grazing compared to males. Additionally, differences in time spent grazing were greater between lactating ruminant females and males (n " l 8 male-female regression, r l 0n91, r# l 0n84, P 0n01) than between non-lactating females and males (n # l 8 malefemale regression, r l 0n87, r# l 0n76, P 0n01) (comparison of means : Z l k2n52, P 0n05, Fig. 3) .
The difference in time spent walking also increased significantly between species as sexual dimorphism increased (r# l 0n66, P 0n05, N l 6 species). Males of most species spent more time walking than the females : oryx males walked for 8n79 % per day versus 8n50 % for females (sexual dimorphism l 4 %) ; gerenuk (Litocranius walleri) 34n00 versus 18n70 % (sexual dimorphism l 45 %) ; bighorn sheep 0n93 versus 1n21 % (sexual dimorphism l 49 %) ; giraffe (Giraffa camelopardalis) 14n10 versus 16n40 % (sexual dimorphism l 50 %) ; mouflon (Ovis musimon) 4n70 versus 3n60 % (sexual dimorphism l 51 %) ; ibex 1n5 versus 0n5 % (sexual dimorphism l 111 %).
Hindgut fermenters were predicted to show less sexual difference in activities because they are not constrained in their time spent foraging by ru- A sexual segregation of 0 means that no segregation occurs, 0n5 represents species that sometimes live in mixed-sex groups, temporarily segregated or sometimes solitary, 1 represents segregating species. The bold dashed line represents the 20 % threshold above which segregation is expected according to the assumptions of the activity budget hypothesis. mination. Accordingly, there was only a nonsignificant trend for hindgut fermenters to increase sexual differences in time spent foraging with an increasing sexual dimorphism in body mass (r# l 0n67, P l 0n09, N l 6 ; see Table 3 for sexual differences in activity and Table 2 for sexual differences in body mass).
In both intermediate feeders (five species) and bulk feeders (12 species), we found that sexual dimorphism was correlated with the difference in the per cent time males and females spent feeding (bulk feeders : r l 0n75, r# l 0n55, P 0n001 ; intermediate feeders : r l 0n96, r# l 0n92, P 0n05, N l 5) ; (Fig.  4) . Contrary to predictions, however, intermediate feeders did not spend more time feeding for a specific body mass than bulk feeders (Z lk1n13, P l 0n26).
Sexual differences in body mass significantly affected segregation (ordinal logistic regression coefficient l 0n33, S.E. of coefficient l 0n12, Z l k2n62, P 0n01, n " l 4 non-segregating species, n # l 4 half-segregating species (0n5) and n $ l 21 segregating species, Fig. 5) . Overall, 22 studies on ruminants showed a significant sexual difference in time spent foraging, while one did not. Impala (Aepyceros melampus) are sexually segregated but males and females have similar activity budgets (Table 3) . Nevertheless, the predictions of the activity budget hypothesis were strongly supported by the results (binomial test : n " l 22, n # l 1, P 0n0001, Table 3 ). Mysterud (2000) found a significant correlation between sexual size dimorphism and sexual segregation in ungulates. The bigger the difference in body sizes between males and females, the more likely they are to segregate and live in separate groups. More than 20 years have passed since the first researchers tried to solve the enigma of sexual segregation, a phenomenon common in most social ruminant species and many other mammals. Ruckstuhl & Neuhaus (2000) suggested that a comparative analysis over a wide range of ungulate species should be carried out to find a general explanation of sexual segregation. In performing a comparative analysis of factors affecting sexual segregation for a wide variety of social ruminants and hindgut fermenters we are here able to evaluate the general validity of the three most widely accepted hypotheses on sexual segregation.
IV. DISCUSSION
(1) The predation-risk hypothesis
The predation-risk hypothesis postulated that males and females would use different areas because of different reproductive strategies (Main & Coblentz, 1996) . Female mountain ungulates try to protect their young from predation by selecting areas that are relatively safe from predation, such as steep, inaccessible areas (e.g. bighorn sheep, Alpine ibex or chamois Rupicapra rupicapra). Other species hide their newborn (e.g. moose Alces alces, red deer, and other cervids), while others live in open terrain (many of the African bovids), where the best antipredator strategy probably is to form large groups. A number of studies have confirmed that females will compromise food quality over security to offspring, while males will generally be in better quality and sometimes even riskier habitat (Bergerud, Butler & Miller, 1984 ; Koga & Ono, 1994 ; Main & Coblentz, 1996 ; Prins & Iason, 1989 ; Sukumar & Gadgil, 1988) . Other studies, however, found females were using better quality habitat than males, such as in Alpine chamois where females used high-elevation meadows with the highest availability and quality of forage, while males were more concentrated in midelevation zones of lower quality and quantity of forage (Shank, 1985) . White-tailed deer (Odocoileus virginianus) females also consistently had higher faecal nitrogen levels and consumed more grass and less browse than males (Beier, 1987) .
Furthermore, female Dall's sheep (Ovis dalli dalli) were reported sometimes to compromise security to their offspring : in a year of low forage availability they ventured further from escape terrain to reach patches of food than in years of high forage availability (Rachlow & Bowyer, 1998) . We have shown in our analysis on the validity of the predation-risk hypothesis that approximately half of the studied species acted as predicted whereas the other half did not. Thus, predation risk alone cannot serve as a general explanation or be the driving factor for sexual segregation. We have, for example, shown that non-dimorphic female plains zebras or oryx did not segregate into safer areas, despite the greater vulnerability of their young. In addition, studies on impala, Alpine ibex, roe deer (Capreolus capreolus), red deer, Thomson's gazelle (Gazella thomsoni), or giraffe, confirmed that females were using better quality habitat during at least some of the year, while moose, bison (Bison bison athabascae), bighorn sheep or African buffalo (Syncerus cafer) males sometimes used the same areas as females and ate the same quality diet (Table 3) .
As mentioned in the introduction females could form large groups as an alternative anti-predator strategy. In these cases, we could ask why males of dimorphic species do not form mixed-sex groups with females. One explanation could be heightened competition for food in very large female groups. Prins (1989) showed that African buffalo males actually switch back and forth between female and smaller bachelor groups or become solitary pre-sumably to increase foraging efficiency. However, in so doing, they expose themselves to a much higher predation risk than when staying in female groups (Prins & Iason, 1989) . Although foraging efficiency could be a trigger to leave groups, this movement of bulls could also be interpreted by the activity budget hypothesis : males can only synchronise during a certain time after which they need to follow their optimal time budget to replenish lost energy.
(2) The forage-selection hypothesis
Sexual differences in body size likely lead to differences in digestive efficiencies (Van Soest, 1994) even within a species. These differences were hypothesised to be the main factor affecting sexual habitat segregation in ruminants, because it was suggested that females with a lower digestive efficiency should compensate by selecting highquality forage that is easily digestible, while the bigger males only require enough forage to be available (Bowyer, 1984) . However, the forageselection hypothesis has been questioned on several grounds. First, there are at least three alternative strategies that females could adopt in order to compensate for their lower digestive efficiency without searching for high-quality food : to increase total intake by (1) a higher feeding rate, (2) a higher mastication rate (Gross et al., 1995) , or (3) an increased fermentation rate (Bunnell & Gillingham, 1985) . Second, there is no obvious reason for males to forego high-quality forage if it is available (Gross, 1998 ; Main, 1998) . Last, diet selection varies seasonally and diet quality may be low for both males and females during winter in temperate regions, making it hard to explain sexual segregation by habitat.
As our review of the literature showed, several researchers found females using higher quality food habitats, however, there were significantly more studies that did not find any difference between the quality of the habitat used by males or females or that found that males were actually using better quality habitat (see Table 3 ). It was also argued that female red deer on the Isle of Rum outcompeted males from preferred areas if sward height became too low for males to be profitable (Clutton-Brock, Iason & Guinness, 1987) , and males would therefore be forced to leave areas occupied by females. However, when female red deer were experimentally removed from these areas, males did not move into them even though forage was abundant (Conradt, Clutton-Brock & Thomson, 1999) . We thus conclude that forage selection per se is unlikely to be a direct cause of sexual segregation. As was rightly suggested previously, sexual differences in diets may actually be a consequence and not a cause of sexual segregation in ruminants (Kie & Bowyer, 1999) .
(3) The activity budget hypothesis
The activity budget hypothesis proposed that males and females segregate into different groups due to incompatibilities of activity budgets. Indeed, in both red deer and bighorn sheep males and females differed in their activity budgets and members of mixed groups were less synchronised in their behaviour and the groups less stable than single sex groups (Conradt, 1998 ; Ruckstuhl, 1999) . When synchronising, individuals in mixed-sex groups would likely compromise their optimal activity budget and potentially jeopardise each individual's energy assimilation (Ruckstuhl, 1999) . Asynchrony on the other hand would lead to the dissociation of groups and increased predation risk due to lower dilution and detection (Dehn, 1990 ; Hamilton, 1971) . The best strategy, therefore, seems to be to form same-sex or body size groups where the costs of synchrony should be low and benefits of group protection high. Such same-sex body size groups were predicted by Bon & Campan (1996) and, for example, reported for ibex (Villaret & Bon, 1998 ), mouflon (Cransac et al., 1998 , bighorn sheep (Ruckstuhl & Festa-Bianchet, 2001 ) and impala (Murray, 1981) .
We also proposed that non-dimorphic ruminants should form mixed groups as digestive capabilities should be similar and hence also activity budgets. Non-dimorphic social species either formed monogamous pairs, such as in the dik-dik (Madoqua kirkii) or klipspringer (Oreotragus oreotragus) (Estes, 1991) or lived in mixed-sex groups, as in the pronghorn (Antilocapra americana ; Byers, 1997), oryx, or some populations of roe deer (Bresinski, 1982) . We have also shown that sexual differences in activity were associated with sexual segregation : with increasing sexual dimorphism in body mass sexual differences in time spent feeding and walking increased and segregation was omnipresent in species with a sexual size dimorphism above 20 %.
The only study where the activity budget hypothesis could not explain sexual segregation was on impala (Hudson & White, 1985) . Impala males are territorial and chase young males out of visiting female groups. These outcasts then form bachelor groups. Due to the sexual dimorphism in body mass of 25 % in impalas, males and females would be expected to show a large difference in time spent feeding and to segregate, but differences in time spent feeding were in fact very small (Table 3) . The similarity in activity budgets probably allows territorial impala males to be with females, but they may be paying a cost in terms of energy assimilation in the long run. Male impala should hence compensate energy loss by following their optimal activity budget once females leave their territory. We are unaware of any study on male impala compensatory feeding.
Polygyny has been associated with sexual size dimorphism for many species (Darwin, 1871) . While a larger body size increases a male's ability to compete successfully with other males over access to oestrous females, body size confers a cost in terms of higher energy requirements (Owen-Smith, 1988) . Dimorphic males should therefore only associate with females when reproducing, but form male groups outside breeding to follow optimal activity budgets.
Weckerly (1998) showed that ruminants that had a harem or tended females during the mating season were more sexually dimorphic in body size than males with monogamous mating systems or with territorial polygynous mating systems. We suggest that male ungulates of non-dimorphic species are the only ones that can energetically allow themselves to associate with females all year round, especially when they show high movement within a large home range (Owen-Smith, 1988) . These species often have a non-seasonal reproduction cycle where females could come into oestrus all year round, like the oryx or the zebra (Estes, 1974) . However, territorial or dominant males may succeed in evicting other males from reproductively receptive female groups and males may therefore be forced into bachelor groups outside these territories, even when they are of similar body size to the females, such as was reported in Grevy's zebra (Equus grevyi) (Groves, 1974) . Male territorial behaviour may therefore explain the occurrence of bachelor groups in non-dimorphic species.
We also found that sexual differences in time spent feeding were greater between males and lactating females than between males and non-lactating females for which data were available such as in Alpine ibex, red deer, giraffe, waterbuck (Kobus ellipsiprymnus), muskoxen (Ovibos moschatus) or Dall's sheep (see Table 3 for references on activity budgets). However, both lactating and non-lactating females spent on average much more time foraging than males and this difference again increased with increasing sexual size dimorphism. Interestingly, females with and without young often are found together in most ungulates. These associations may either form because there are not enough nonreproducing females in a population to form predator-safe groups or non-reproducing females feed at similar levels to reproducing females to gain more fat reserves, as shown in bighorn sheep (Ruckstuhl & Festa-Bianchet, 1998) .
Overall, the activity budget hypothesis was the only one whose predictions could be confirmed in a majority of studies. It, therefore, shows clear potential as a general explanation for sexual segregation in ruminants. Ruminants chew the cud repeatedly before digestion takes place, whereas hindgut fermenters do not chew their cud and forage passes directly into the acid stomach (Van Soest, 1994) . In ruminants, forage has to be masticated until it reaches a specific particle size after which it passes into the acid stomach for further digestion (Robbins, 1993) . Ruminants are therefore more limited in the time spent foraging by digestive time constraints than non-ruminants. Unfortunately, there are few data available on activity budgets in hindgut fermenters. Nevertheless, there was a (nonsignificant) trend for sexual differences in activity to increase with sexual differences in body mass, just as in ruminants, but at a lower rate. It seems likely that the allometric relationship between stomach size and metabolic requirements, or stomach size and digestive efficiency will affect sexual differences in time spent foraging in both ruminant and hindgut fermenter species. The threshold level for significant sexual differences in behaviour and thus sexual segregation will however probably be higher in hindgut fermenters than the 20 % difference in body mass in ruminants. Further studies, including more non-ruminant species with a wider range of sexual dimorphism, will be necessary to reach a final conclusion.
V. CONCLUSIONS (1) A new model to explain sexual segregation
(1) Is there a single factor causing sexual segregation or does a combination of factors act at the same or different levels? Main (1998) pointed out that as sexual segregation is universal among polygynous ungulates it is reasonable to assume that sexual segregation has a common underlying cause.
Additive factors would then increase segregation, leading for example to spatial or habitat segregation.
(2) Conradt (1999) suggested that sexual segregation in feral Soay sheep and red deer arose because of social segregation and that relatively minor sex differences in environmental requirements could potentially lead to spatial and habitat segregation. Such in the case, we believe, with sexual differences in activity budgets. We present a hypothetical model to explain sexual segregation in ruminants by including activity differences as a central factor and predation risk and forage selection as additive factors for sexual segregation (Fig. 6) .
(3) Although differences in activity budgets can lead to sexual segregation (social segregation), differences in predation risk and forage selection may additionally explain some cases where segregation by habitat occurs. On the other hand, our model also explains why some studies found sexual differences in habitat choice during one period of the year, but none at other times and why the sexes nevertheless remain sexually segregated. Kudu (Tragelaphus strepsiceros) females, for example, were found to use a variety of habitats during the wet season, while males preferentially used riverine habitat throughout the year. Females switched their preference to riverine habitat during the dry season and therefore did not show habitat segregation from males during that period (du Toit, 1995) . Female and male kudu in that study possibly still differed in activity budgets but not in habitat selection. Other factors such as sexual differences in water requirements of mule deer (Odocoileus hemionus) (Bowyer, 1984) or differences in weather sensitivity in red deer (Conradt & Guinness, 1997) have been put forward to explain some cases of habitat segregation.
(4) Predation risk certainly seems to explain some cases of habitat segregation (Jakimchuk, Ferguson & Sopuck, 1987 ). Furthermore, one may consider a scenario where predation risk of different reproductive strategies lead males and females to spend different amounts of time feeding or resting. Here again, differences in activity budgets would be causing sexual segregation and not reproductive strategies directly (Fig. 6 ). However, sexual segregation should not occur at times when the offspring no longer depends on females for predator protection or when the quality of available forage is the same in male and female habitats (Cransac et al., 1998) . We conclude that predation risk and forage selection are not primary factors causing sexual segregation.
(5) To confirm sexual differences in activity budgets as the primary cause of sexual segregation we need to carry out research on a broad range of mammals from non-dimorphic to the most dimorphic species. Such studies seem promising, for example, in different species of whales, kangaroos or camelids, as there are taxa with species that range from non-dimorphic to very dimorphic. For all these taxa we would predict sexual differences in activity budgets to increase with increasing sexual size dimorphism up to a level where synchrony of behaviour is too costly and sexual or size segregation occurs. Segregation into similar-size groups has been amply demonstrated in schooling fish (Murphy, 1980 ; Pitcher, Magurran & Edwards, 1985 ; Ranta, Peuhkuri & Laurila, 1994) , migrating bird flocks (Myers, 1981) and some ungulates species (Bon, Dubois & Maublanc, 1993 ; Cransac et al., 1998 ; Murray, 1981 ; Ruckstuhl & Festa-Bianchet, 2001 ). All of these species may segregate due to the costs of synchrony.
(6) The actual costs of synchrony for animals of different body sizes remain to be demonstrated. This requires new research in an area of behavioural ecology that has not been investigated before. Furthermore, a cost of synchrony may have to be considered as a potential cost of group living.
